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Abstract

Protein extracts from different soybean (Glyeine max L. Merr. cv. Williams) organs contained four glutamate
dehydrogenase (GDH) isoenzymes (EC 1.4.1.2-1.4.1.4) when native polyacrylamide gels were stained for NAD-de-
pendent activity, The four isoenzymes were designated GDHO, GDHI. GDH2 and GDH3. A combination of NAD-
or NADP-specific GDH stains and immunoblot analysis of native polvacrylamide gels was used to characterize the
four GDH isoenzymes. lsoenzymes GDHO, GDHI| and GDH2 demonstrated both NAD- and NADP-dependent
activity. while GDH3 only had NAD-dependent activity. Based on the intensity of the different stains. GDHI and
GDH2 had greater activity with NAD than with NADP. while GDHO had less activity with NAD than with NADP.
Both GDH2 and GDH3 cross-reacted with rabbit serum raised against grape leat NAD(H)-GDH, but the reaction
was more intense with GDH3 than GDH2. Tissue print analyses were used to demonstrate the tissue-specific
accumulation of GDH3 activity throughout the axis during germination in the dark. Negative controls (GDH stain
solution lacking glutamate) and immunodetection with antiserum to grape NAD(H)-GDH validated the specificity of
the NAD-GDH tissue print analyses. NAD-GDH activity was most abundant in the phloem of the hypacotyl hook
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PVP. polyvinylpyrrohdone.
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with diffuse activity throughout the cortex, In addition. NAD-GDH activity was apparent in the epidermis ol the
hypocotyl hook. In the region of the hypocotyl below the hook and above the root hairs, enzyme activity was evident
throughout the cortex and epidermis and absent in the vascular tissues. In the root. NAD-GDH activity was localized
exclusively in the epidermal laver, particularly in the region of the functional toot hairs. All other tissue types in this
region of the root, including the xylem, phloem and cortex. were devoid of GDH activity, In emerging lateral roots.
NAD-GDH activity was localized in the root tip and epidermis. Since only GDH3 was detected in these tissues, the
data suggest that GDH3 may play a umque role in the mobilization of carbon or nitrogen in germinating seedlings

1998 Elsevier Science Treland Lid. All rights reserved.

Kevwards: Tmmunoblot: NAD(H)-GDH: NADP(11)-GDH: Soybeun: Tissue print

1. Introduction

Glutamate dehydrogenase (GDH: EC 1.4.1.2
[.4.1.4) catalyzes the pyridine nucleoude cofactor-
dependent  reversible  reductive  amination  of
7 -ketoglutarate 1o form glutamate. In most plants.
there are distinct GDH 1soenzymes thal preferen-
tially utilize either NAD(H) or NADP(H), but
some GDH isoenzymes have been shown to use
either cofactor (for review see [1.2]). In general,
NAD(H)}-GDH isoenzymes have been identified
throughout the plant, while NADP(H)-GDH
1soenzymes are usually associated with green tis-
sues, GDH isoenzymes have been well character-
ized in several plant species. The most extensively
characterized NAD(H) isoenzyme systems are in
grape [3- 7] and Arabidopsis [S-11]. In both species.
there are seven NAD(H)-GDH isoenzymes that
cian be readily resolved by native polyacrylamide
gel electrophoresis (PAGE).

The isoenzvmes are composed of two subunits,
designated » and ff. of different molecular size
(between approximately 42 and 43 kDa). that can
be resolved by sodium dodecyl sulfate (SDS)-
PAGE [5,11]. The two subunits combine in differ-
ent ratios to form seven enzymatically active
hexameric complexes. This architecture appears to
be well conserved in the plant kingdom. since
similar results have been demonstrated m avocado
[12]. However. some plants. such as soybean, do
not appear to follow this pattern. Soybean
NAD(H)-GDH isoenzymes do not resolve into
seven distinct bands [13,14]. Based on their elec-
trophoretic mobilities, three NAD(H)-GDH isoen-
zymes (GDHI. GDH2 and GDH3) have been
identified in protein extracts of 5-day-old soybean

seedlings germinated in the dark [14]. Likewise,
three NAD(H)-GDH isoenzymes were identified in
developing sovbean seeds obtained 35 days after
flowering [13.15]. A summary of the results from
the combined studies suggest: (1) GDHI, the tastest
migrating isoenzyme. is specific to the cotyledonary
tissue 1n both developing seeds and germinating
seedlings: (2) GDH2 is associated with both cotyle-
dons and leaves; (3) the slowest migrating isoen-
zyme, GDH3, is in roots and hypocotyls,
Recently, one of the soybean isocnzymes.,
GDH3, was purified 10 homogeneity from
hypocotyls and roots of 5-day-old soybean
seedlings germinated in the dark and was physically
and biochemically characterized [14]. GDH3 was
associated with intact mitochondria. The isoen-
zvme had two pH optima: one for reductive amina-
tion at pH 8.0 and a second for oxidative
deamination at 9.3. Estimates ol GDH activity
were | 2-50-fold higher in the direction of reductive
amination when compared to estimates of enzyme
activity n the direction of the oxidative deamina-
tion reaction conducted at the same pH. Interest-
mgly, the ammnation reaction was stimulated
2 - 17-fold by divalent cations, and the reaction was
most responsive (o changes in Ca® " . Conversely,
the deamination reaction was not affected by
changes m cation concentrations (F.J. Turano,
unpublished results). GDH3 had a cofactor prefer-
ence for NAD(H) over NADP(H). The apparent
K, values for glutamate, z-ketoglutarate, ammo-
nium and NAD(H) were determined at different
pH values. The results from those investigations, in
conjunction with other studies [13.15]. provide
detatled mformation on the physical and biochem-
ical properties of GDH3. The apparent K, values
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for the substrates and cofactors [15] and general
information on the physical charactenistics of
GDHI1 and GDH2 [13] have also been reported.
Compared to the GDH isoenzyme systems in
grape and Arabidopsis. the soybean NAD(H)/
NADP(H)-GDH 1soenzyme system has not been
studied in detail. As part of a continuing eftort in
the laboratory to understand the physiological role
of NAD(H)NADP(H)-GDH isoenzymes in
plants. we are focusing our efforts on two different
systems, soybean [14] and Arabidopsis [11]. In this
study. we utilized enzyme-specific stains with differ-
ent cofactors and immunoblot analysis of native
gels to characterize the different soybean GDH
1soenzymes. In addition, we used similar techniques
to localize NAD-GDH activity in the axis of
sovbean seedlings germinated in the dark.

2. Materials and methods

2.1. Plant material, crude and purified protein
extractions

Sovbean (Glveine max L. Merr. cv. Williams)
seeds were germinated on paper towels moistened
with deionized water in the dark for 5 days at 25°C
under aseptic conditions as described by Turano et
al. [14]. After 5 days, cotyledons, hypocotyls and
roots were separated. and protein samples were
extracted from each organ. For the light-grown
samples. five seeds were germinated in plastic
covered pots (20 x 10 x 6 cm. length x width x
depth) filled with vermiculite moisten with sterile
deionized water. After 5 days the plastic covering
was removed. Plants were mamtained at 25°C,
60-70% relative humidity under cool white lights
(500 mmol PPFD m ~*s~ ')in a 16-h light/8-h dark
cycle. The plants were wngated with deionized
water as needed. After 14 days. leaves (fully ex-
panded primary leaves and first emerging trifolate
leaf), cotyvledons, hypocotyls and roots were sepa-
rated and protein samples were extracted from each
organ. All tissues (dark- and light-grown plants)
were harvested at 09:00 h, 2 h into the light cycle.
Tissue samples (200 mg) were ground in 400 pl of
buffer containing (40 mM Tris- HCL pH 7.2. | mM
EDTA. 5% (v/v) glycerol and 0.01 mg ml ' bro-

mophenol blue). Triton X-100 was added to each
sample to a final concentration of 0.05% (v/v). to
disrupt organelles. To test the effects of PVP-40
and/or ff-mercaptoethanol (f-ME) on the protein
extracts and i1soenzyme patterns, they were added
to samples at final concentrations of 0.5% (w/v)
and/or 5 mM, respectively. Fresh phenylmethylsul-
fonyl fluoride (PMSF) was added to a final concen-
tration of | mM in all extraction buffers. The
samples were ncubated on ice for 30 min. Debris
was removed from the sample by centrifugation at
13000 x ¢ for 10 min.

2.2, Enzymatic activity assays

NADH-GDH acuvity was assayed in 100 mM
Tris-HCIL, pH 8.0, 0.14 mM NADH and | mM
CaCl, with 100 mM NH,Cl and 10 mM z-ketoglu-
tarate as substrates, and the decrease in absorbance
at 340 nm was recorded over I min. One unit of
GDH activity is defined as the oxidation of 1 gmole
of coenzyme (NADH) per min at 30°C.

2.3, Gel electrophoresis, gel staining and
immuneblor procedures

GDH isoenzymes in various tssues were resolved
by native PAGE (6% polyacrylamide) with an
acrylamide: N N'-methylene-bis-acrylamide ratio of
125:1. as described by Turano et al. [14]. or by
native PAGE (4-[5% polyacrylamide gradient
gels) using a PhastSystem (Pharmacia), Protein
bands containing GDH activity were visualized in
native polyacrylamide gels by incubation in 100
mM Tris—- HCL pH 9.3, with 50 mM glutamate, 0.5
mM NAD or NADP, 0.25 mM nitroblue tetra-
zohum, and 0.1 mM phenazine methosulfate for
15-60 min at 37°C [16]. The NAD-GDH stain
solution was also used to visualize enzyme activity
on nitrocellulose (see Section 2.4). Identical gels
were incubated in the GDH stain solution minus
glutamate as controls.

Immunoblot analysis was conducted as de-
scribed by Turano et al. [17]. Proteins were sepa-
rated by native PAGE as described above,
SDS-PAGE i 7.53% polyacrylamide gels as de-
scribed by Laemmb [18], or by SDS-PAGE in a
homogeneous (7.5%) polyacrylamide gel using the
PhastSystem (Pharmacia). Rabbit serum raised
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against grape leat NAD(H)-GDH was Kindly pro-
vided by Loulakakis and Roubelakis-Angelakis [4].
Antibodies specific to GDH were purified by im-
munoaffinity to Arabidopsis GDH. Protem samples
containing Arabidopsis GDH were separated by
SDS-PAGE. blotted on to nitrocellulse and incu-
bated with rabbit serum raised against grape leaf
NAD(H)-GDH as described by Turano et al. [11].
GDH-specific antibodies were eluted from strips of
nitrocellulose by incubation with 0.1 M glycine. pH
2.6, containing 0.15 M NaCl at 22°C for 15 min.
The nitrocellulose was removed and the solution
was neutralized with 1 M Tris- HCL pH 8.0.
Sodium azide was added 1o a final concentration of
0.01% (w/v) prior 1o storage at — 70°C.

Due to low activity associated with the NAD(P)-
dependent deamination and NADPH-dependent
amination reactions and the high background asso-
ciated with the deamination assays conducted on
crude protein extracts [14], only the NADH-depen-
denlt reaction was used to determine the amount of
activity loaded onto gels. Simce we were interested
in studying the GDH isoenzyme system and the
specific activity in some samples was very low, we
chose not to use the amount of protein added per
gel as a standard. An cqual amount of NADH-
GDH activity (0.250 units) was added per lune for
native gels in the Mini-Protean II system (Bio-
Rud). but less actuivity (approximately 0.010 units)
was added to the PhastStystem gels.

2.4, Tissue print analysis

Tissue print analyses were conducted on 5-day-
old dark-grown seedlings to determine tissue-spe-
cific accumulation. Nitrocellulose  membranes
(Schleicher & Schuell) were preincubated in mito-
chondria lysis buffer containing 10 mM Tris- HCI,
pH 7.5, 1 mM EDTA and 0.1 (v/v) Tween 20 [14]
for 5 min at room temperature and then air dried.
Longitudinal- and cross-sections of hypocotyls and
roots were prepared on nitrocellulose as described
by Varner [19]. Tissue prints were stained for
NAD-GDH activity for 1 h at 37°C in the enzyme
activity stain solution described above. ldentical
tissue prints were mncubated in the GDH stain
solution minus glutamate as controls. After | h, the
stain solution was diluted 1:1 with water, and the

tissue prints were incubated at 4°C for 48 h, except
for negative controls which were stained for 7 days.
Nitrocellulose membranes were air-dried and ob-
served using a Wild Zoom Stercomicroscope with
a 35-mm camera attached. Tissue prints were
photographed using Kodak T Max black and white
film.

3. Results

3.1 Characterization of GDH isoenzvines in
sovhean seedlings germinated in the light or dark
Protein  extracts from leaves, cotyledons,
hypocotyls and roots from 14-day-old soybeans
that were germinated in the light and from cotyle-
dons, hypocotyls and roots of 5-day-old sovbeans
that were germinated mn the dark were separated
by native PAGE and visualized with NAD-GDH
or NADP-GDH activity stains or by immunode-
tection (Fig. 1), Four 1soenzymes were visualized
in gels stained specifically for NAD-GDH activity
(Fig. 1A). Identical gels stamed under identical
conditions except minus glutamate showed no
visable staining in the regions of these four bands
{data not shown). suggesting all the staining was
due to glutamate-dependent activity. An appar-
ently novel isoenzyme, designated GDHO based
on its anodal migration and following the nomen-
clature of McKenzie and Lees [15], was identified
in the leaves of 14-day-old seedlings. GDH1 was
identified in the cotyledons of seedlings germi-
nated in the light or dark. GDH2 was observed in
the cotyledons of seedlings germinated i the light
or dark and in the leaves ol 14-day-old seedlings.
GDH3. the slowest migrating isoenzyme, was
abundant in hypocotyls and roots of seedlings
germinated in the light or dark. Very little or no
GDH3 was observed i leaves of l4-day-old
seedlings. ldentical native gels were stained for
NADP-GDH uactivity to determine the pyridine
dinucleotide specificity of each isoenzvme (Fig.
IB). GDHO was visible in leaves of [4-day-old
seedlings, GDHI was 1dentified in the cotyledons
of seedlings germinated in the light and dark.
Based on the intensities of the stains, GDHO and
GDHI exhibited the highest NADP-GDH activ-
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ity, GDH2 demonstrated an appreciable amount
of NADP-GDH activity, and GDH3 had little or
no NADP-GDH activity. As described above,
identical gels stained under identical conditions
except minus glutamate showed no visable stain-
ing in the regions of these three (GDHO0, GHDI
and GDH2) bands (data not shown). suggesting
all the staining was due to glutamate-dependent
activtiy. Immunoblot analysis was utilized to de-
termine immunological relationship among the
soybean GDH isoenzymes and to grape NAD(H)-
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Fig. |. Charactenzation of GDH isoenzymes from hght- and
dark-grown soybean seedlings. Protein extracts from leaves,
cotyledons, hvpocotvls and roots of ld-dav-old sovbeans
grown in the light or cotyledons, hypocotyls and roots from
S-day-old soybeans germinated in the dark were separated by
native PAGE and stained for NAD-GDH (A} or NADP-
GDH (B) activity, or immunologically detected (C) with rubbit
serum raised against grape leal NAD(H)-GDH [4]. The four
GDH 1soenzymes are indicated. Enzyme preparations were
analyzed by SDS-PAGE (7.5% polyacrylamide) and im-
munodetection (D). The 42-kDa polypeptide(s) are indicated,

GDH (Fig. 1C). The most intense cross-reaction
with anti-NAD(H)-GDH serum was apparent in
samples containing GDH3—ie. roots or
hypocotyls of plants germinated in the light or the
dark. GDH2 cross-reacted with the antiserum but
with less affinity than GDHa3. based on the lower
itensity of stain. GDHO and GDHI did not
cross-react with the antiserum to grape NAD(H)-
GDH. Immunoblot analyses of SDS-PAGE (Fig.
1D) revealed that a single polypeptide, at approx-
imatcly 42 kD. cross-reacted with the rabbit
serum raised against grape leaf NAD(H)-GDH in
soybean tissues that contained cither GDH2 or
GDH3. As in the immunoblots of native PAGE,
the most intense cross-reaction  with  anti-
NAD(H)-GDH serum was apparent in samples
containing GDH3 and less intense samples con-
taining GDH2. In summary, the results from the
gel stains and immunblot analyses demonstrate
there are at least four distinct NAD(P)-GDH
isoenzymes in soybean.

3.2, Tissue print analysis

Tissue print analysis was used to determine
tissue specific activity of GDH in various regions
of the axis during germination in the dark. To
verify the specificity of the NAD-GDH staining
procedure, tissue prints were analyzed with nega-
tive controls (NAD-GDH stain minus glutamate)
and rabbit serum raised against grape leal
NAD(H)-GDH. Tissue prints for the same four
longitudinal- or cross-sections along the axis are
presented for the negative controls (Fig. 2) and
antiserum to grape NAD(H)-GDH (Fig. 3). The
same four sections are presented for the NAD-
GDH stain with additional cross-sections for a
more detailed analysis (Fig. 4). There were no
regions of non-specific NAD-dependent staining
in the longitudinal-section of the hypocotyl hook
(Fig. 2A). cross-section of the hypocotyl, in the
region below the hypocotyl hook and above the
root hair zone (Fig. 2C) and cross-sections
through the root, in the region of the functional
root hairs (Fig. 2D). However, there was a faint
reaction in the cross-section of the hypocotyl, in
the region of the hook (Fig. 2B). In all cases,
there was a physical impression of the print which
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Fig. 2. Tissue print analysis of hypocotyls and roots from soybeans germmated n the dark Longitudinal section of the hypocotyl
(A) and cross-sections of hypacotyl (B.C) and root (D) were blotted 1o nitrocellulose and stained with NAD-GDH stain minus Glu
{see Section 2). The phloem f(arrow) or xylem (open arrow) ure mdicated. The bar equals 0.5 mm. The magnification in panels B- D

15 the same.

demonstrated that enough pressure was applied to
ensure transfer of the proteins and i many cases
the impressions provide morphological reference
points—i.e. in the root (Fig. 2D} the xylem is
clearly visible as four distinet triangular strands as
described by Weaver [20].

Antiserum against grape NAD(H}GDH was
used to localize GDH in the axis. The antiserum
cross-reacted  with  proteins  throughout  the
hypocotyl hook (Fig. 3A) with an intense reaction
in the vascular tissue and the epidermal layer. The
cross-reactivity was visible as a darkly stained
arca in the phloem and in the epidermal layer of
cross-sections in the region of the hypocotyl hook
(Fig. 3B). In addition there was a significant
amount of staining throughout the cortex. In
cross-sections of the hypocotyl in the region be-
low the hook and above the root hair zone, there
wds strong cross-reaction around the vascular

cambium and the epidermal regions with moder-
ate staining throughout the cortex (Fig. 3C). In
the region of the functional root hairs (Fig. 3D),
there was staining 1n the epidermal laver and faint
stain in the vascular cyhnder with some staining
in the phloem and no staining in the xylem.
Tissue print analysis was used 10 determine
ussue specific activity of NAD-GDH in various
regions of the axis during germination of soy-
beans (Fig. 4). In a longitudinal-section of the
hypocotyl hook (Fig. 4A) there were two promi-
nent regions of NAD-GDH activity, the epider-
mis and the vascular bundle. Throughout the
region of hypocotyl hook, the epidermis stained
for NAD-GDH activity (Fig. 4A-D). Specific
staining for NAD-GDH acuvity i the vascular
ussue of the hypocotyl was observed by a series of
cross-sections (Fig. 4B-D). Throughout the re-
gion of the hypocotyl hook, the phloem stained
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C

D

Fig. 3 Immunological localization of NAD(H)}GDH using tissue prints of hypocotyls and roots from soybeans germinated in the
dark. Tissue sections were blotted o nitrocellulose and treated with rabbit serum raised against grape leal NAD(H)-GDH (4],
Longitudinal and cross-sections of the hypocotyl and root are the same as Fig. 2. The bar equals 0.5 mm. The magnification in

pancls B-D 1s the same

for NAD-GDH activity. The phloem appeared as
eight intensely stained strands that are visible as
two hemispheres, in the region of the hook proxi-
mal to the cotyledons (Fig. 4B). As the distance
from the cotyledons increased. the phloem was
visable as four (Fig. 4C) and six (Fig. 4D) in-
tensely stained strands in the form of a circle. In
a cross-section of the hypocotyl, in the region
below the hook and above the root hairs, the
region similar to Fig. 2C and Fig. 3C. there was
intense NAD-GDH staining around the vascular
cambium and the epidermal regions with moder-
ate staining throughout the cortex (Fig. 4E). In
the region of the hypocotyl, proximal to the root,
there was intense staining throughout the cortex
and the inner region of the vascular cylinder.
however the vascular tissue. phloem and xylem.
were devoid of NAD-GDH activity (Fig. 4F). In
cross-sections throughout the root (Fig. 4G.H).

NAD-GDH activity was localized 10 the epider-
mal layer. Throughout the root. all other tissue
types. including the xyvlem. phloem, endodermis
and cortex. were void of NAD-GDH activity. In
the region of the root above the functional root
hairs, a physical impression of the xylem was
clearly visible as four distinet lines (Fig. 4G).
Likewise, a physical impression of the xylem was
clearly visible as four distinct triangular strands
(Fig. 4H) in the region of the functional root
hairs. In a cross-section of an emerging lateral
root (Fig. 41), NAD-GDH activity was evident in
the growing root tip and in the epidermis.

4. Discussion

Four GDH isoenzymes were adentified
protein extracts from different sovbean organs. In
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Fig. 4. NAD-GDH stain of tissue prints of hypocotyls and roots from soybeans germinated in the dark. Longiudinal section of a
hypocoty] (A). Cross-sections throughout the region of hypocotyl hook (B-D) panel B represents o region proximal to the
cotyledon: panel C represents a region in the middle of the hook: panel D represents at the base of the hook (distal to the cotvledon).
The tissue print in punel C is identical to the regions in panel B of Fig. 2 Fig. 3. Cross-sections throughout the region of hypocoty]
below the hook (E. F): punel E represents a region of the hypocotvl midway between the base of the hypocotyl hook and the root;
panel F represents a region of the hypocotyl proximal to the root. The region in panel E is identical to the regions in panel C of
Fig. 2 Fig. 3, Cross-sections the root (G 1k panel G represents a region of the root between the base of the hypocotyl and the
functional root hairs; panel H represents a region at the zone of functional root hairs; panel 1 represents a transverse section through
a developing lateral root. The region in panel H is identical to the regions in panel D of Fig. 2 Fig. 3. The bar equals 0.5 mm. The

magnification n panels B-1 is the same.

previous studies, three of the isoenzymes were
observed in native gels stained specifically for
NAD-GDH [I5,14]. In this study, an additional
GDH isoenzyme was identified. The isoenzyme
migrated faster than any of the previously re-
ported soybean NAD-GDH isoenzymes. Based
on its anodal migration and following the nomen-
clature system of McKenzie and Lees [15], the

wsoenzyme was designated GDHO. GDHO utilized
both NAD and NADP. However, based on the
different staining mtensities, it appeared to have
greater activity with NADP than NAD. However
this would have to be examined in the future with
specific kinetic analyses. GDHO was previously
undetected for one of the following reasons: (1)
the ussues that were used in earlier studies [13-
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15] did not have detectable amounts of GDHO,
(2) the gel system used by McKenzie and Lees [135]
may not have resolved GDHO. and/or (3) the
tissue samples rom earlier studies were treated in
a4 manner such that GDHO became inactive. We
have only detected GDHO in immature primary
leaves (this report) and in mature soybean seeds
but not in nodules, roots, stems, petioles, fully
expanded leaves, flowers, pods. or developing
seeds (data not shown); therefore, the first expla-
nation may provide a plausible reason of why
GDHO was previously undetected. GDHI1 [rom
cotyledons utilized both NAD or NADP. Based
on the intensity of the staining, 1t appeared that
GDHI may prefer NADP over NAD: these find-
ings are consistent with the findings of McKenzie
and Lees [15]. GDH2 appeared to prefer NAD
over NADP. McKenzie et al. [13] suggested that
GDH2 showed some NADP activity. GDH3 ap-
peared to be NAD specific: these findings are
consistent with our earlier findings [14] and those
of McKenzie et al, [13] which demonstrated that
GDH3  preferentially  uulized NAD(H) over
NADP(H).

Other than the appearance of GDHO in leaves
of plants maintained in the light. the most promi-
nent difference in isoenzvme patterns was ob-
served in the cotvledons of light versus dark
treated plants. In the cotyledons of light versus
dark treated plants, the imntensity of both the
NAD-GDH and NADP-GDH staining for
GDH2 appeared unchanged. However, both the
NAD-GDH and NADP-GDH staining for
GDH1 was less intense in the cotyledons of plants
maintained n the hight versus those maintained in
the dark.

Results from immunoblot analysis suggest that
GDH2 and GDH3 are immunologically related.
since the two 1soforms cross-reacted with the rab-
bit serum rased against grape leat NAD(H)-
GDH. GDHO and GDHI did not cross-react with

the rabbit serum raised against grape leal

NAD(H)-GDH. suggesting these isoenzymes arc
immunologically distinct from GDH2 und GDH3.
The cross-reactuvity of the NAD(H)-GDH anti-

serum was correlated with the cofactor activity of

the isoenzymes: i.e. GDH2 and GDH3 stamned
more intensely with NAD than NADP and cross-

reacted with the antiserum. while GDHO and
GDHI, which stained more intensely with NADP
thun NAD. did not cross-react with the anti-
serum. These findings are consistent with our
findings m  Arabidopsis where NAD(H)-GDH
isoenzymes are immunologically and genetically
distinet from the NADP(H)-GDH isoenzyme(s)
(F.J. Turano. unpublished results). Furthermore.
based on the intensity of the stain, the antiserum
to grape NAD(H)-GDH had a higher affinity for
GDH3 than tor GDH2, suggesting GDH3 has
higher similarity to the grape isoenzyme than
GDH2.

The distinetive electrophoretic mobilities and
the different immunoatfinity with antiserum Lo
grape NAD(H)-GDH of the soybean GDH isoen-
zvmes could be explained by dilferential post-
translational modification of the isoenzymes or by
the presence of distinet gene(s) encoding for each
isoenzyme. To date there are no data to suggest
that plant GDH isoenzymes are post-translation-
ally modified, but there are conclusive data 1o
show that some plant GDH isoenzymes are en-
coded by distinet genes [11]. Based on our present
knowledge of GDH isoenzymes systems in plants,
it appears that there may be several GDH genes
m soybean:; however, since the soybean GDH
1soenzyme system does appear to be different (see
below) than those of other plants studied to date,
post-translational modification of the isoenzymes
can not be ruled out at this time,

In this study, four NAD(H)-GDH isoenzymes,
either GDHO. GDHI, GDH2 or GDH3. were
identified in different soybean tissues. The soy-
bean NAD-GDH isoenzymes do not resolve into
seven distinet bands as in Arabidopsis [8]. avocado
[12], grape [3], pea [21] and maize [22]. The inabil-
ity 1o resolve the NAD-GDH isoenzvmes into
seven distinct bands by native PAGE could be
due to one of several factors: (1) the use of an
inappropriate gel concentration, (2) degradation
of the proteins by proteases, and/or (3) altered
integrity of the proteins due to impurities in the
extracts. Numerous attempts to improve the reso-
lution of the sovbean NAD-GDH i1soenzymes by
altering the native and isoelectric focusing PAGE
systems were made but with limited success (for
details see [14]). Precautions were taken through-
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out this, and earlier [14]. investigation(s) 1o pro-
tect proteins from protease activity by adding
fresh PMSF to the extraction buffer and main-
taining the samples on i1ce. To maintain the in-
tegrity of the 1soenzymes, PVP and/or f-ME were

added to the protein extracts. The migration of

the isoenzymes were not altered nor was the reso-
lution of the enzymes improved with the addituon
of either PVP and/or ff-ME. However, the addi-
tion of ff-ME may preserve NADP(H)-GDH ac-
uvity (data not shown). Based on the results form
this and earlier studies [13- 15]. it appears that the
sovbean GDH isoenzyme system is different than
the other GDH isoenzvme systems mentioned
above.

Immunoblot analyses of SDS-PAGE revealed
that a single polypeptide. at approximately 42
kDa. cross-reacted with the rabbit serum raised
agamst grape leaf NAD(H)-GDH in soybean tis-
sues that contained either GDH2 or GDH3. The
estimated relative molecular mass of GDH3 in a
native PAGE is approximately 280 kDa [14].
GDH2 migrates slightly faster in a native gel than
GDH3 and is therefore shightly less than 280 kDa.
Based on these observations, GDH2 and GDH3
appear to be hexamers composed of single pep-
tides with very similar or identical molecular size.
These results suggest that the architecture of soy-
bean NAD(H)-GDH isoenzymes may be different
than those of grape [5], avocado [12], and Ara-
bidopsis [11]. In those plants. NAD(H)-GDH
isoenzymes are composed ol subunits of different
molecular size between approximately 42 and 43
kDu that can be resolved by SDS-PAGE. The two
subunits combine in different ratios to form seven
enzymatically active hexameric complexes. The
absence of subunmits with different molecular

weights in soybean may provide an explanation of

why soybean NAD(H)-GDH isoenzymes do not
resolve into seven distinct bands in native poly-
acrylamide gels like other plant NAD(H)-GDH
isoenzymes. However. it is possible that other
NAD(H)-GDH subunits., which can not be read-
ily detected with the antiserum to grape NAD(H)-
GDH due to their low abundance in soybean
and/or low affinity with the antiserum, exist in
soybean.

Since GDH3 was detected in the roots and
hypocotyls in native gels stained for GDH activity
and by Western blot analysis to the exclusion of
GDHO, GDHI, und GDH2, ussue prints in con-
junction with NAD-GDH activity staining proce-
dures and immunological techniques were used to
demonstrate tissue-specific activity of GDH3
throughout the axis (root and hypocotyl). Other
dark- or hght-grown samples were not amenable
to tissue print analyses due to the presence of
multiple isoenzymes {i.e. cotyledons). physical
constrains associated with actual process of tissue
printing (i.e. leaves) and/or the specific activity
was too low to detect activity or GDH peptide by
immunodetection in the tissues (i.e. hypocotyvls of
light-grown plants). Pretreatment of the nitrocel-
lulose membrane with detergent (see Section 2)
was absolutely necessarv to obtain  maximal
NAD-GDH staining. Since GDH3 was localized
in the mitochondria [14], it is plausible that the
detergent disrupted the mitochondrial membrane,
liberated the enzyme, and enabled the protein to
bind to the nitrocellulose membrane. Tissue print
analysis was usetul to determine the tissue-specific
acuivity of GDH3 throughout the axis, but the
technigue could not be used to specifically identify
GDHO, GDHI. or GDH2 n the other organs.
Presently. the absence of GDHO, GDHI. or
GDH2 n hypocotyl and root can not be entirely
disregarded until a more sensitive detection sys-
tem i.e. immunodetection with monoclonal anti-
bodies specific to  each of the GDH
isoenzymes—1s developed. Regardless of the limi-
tations on the technique, ussue print analysis
proved to be an effective method to demonstrate
tissue-specific NAD(H)-GDH activity. most likely
GDH3, in the axis. The vahdity of the techniques
was verified in several ways. First, tissue prints
incubated in NAD-GDH stain minus glutamate
(i.e. negative controls), up to 7 days, had little or
no background dehydrogenase activity (Fig. 2).
Second. the activity of selected dehydrogenases.
homoserine dehydrogenase and  glucose-6-phos-
phate dehvdrogenase, alecohol dehydrogenase and
malate dehydrogenase (data not shown) were dis-
tinct from that of NAD-GDH (Figs. 3 and 4).
Third, immunological detection of GDH on the
tissue prints (Fig. 3) was consistent with the
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NAD-GDH staining (Fig. 4). Fourth, GDH activ-
ity that was observed on the prints appeared
genuine and was not a result of uneven transfer of
proteins to the nitrocellulose due to variations of
contact between the tissue and the membrane.
This was best exemplified on prints where physical
imprints of anatomical or morphological features
were visible on the nitrocellulose membrane but
were devoid of NAD-GDH activity (Fig. 4G, H).
An equally strong example of the specificity of the
NAD-GDH staining was exhibited on the same
prints where areas devoid of any physical impres-
sion contained intense NAD-GDH activity.
Immunaffinity punfied anubodies to grape
NAD(H)-GDH were used in the tissue print anal-
ysis to avoid problems associated with not specific
binding. When these antibodies were used for
immunoblot analysis, they cross-reacted with soy-
bean GDH i1soenzymes with little or no back-
ground. However, background on the tissue prints
visualized by immunodetection is slightly higher
than that visualized by GDH staining, but the
GDH actvity and immunolocalization do corre-
late very well. The slight variation in the results
may reflect differences in the sensitivities between
the two techniques—1.¢. immunodectetion being
more sensitive, and/or differences between the
detection of active (both immunodetection and
activity stain) versus inactive (only immunodetec-
tion) GDH isoenzyme(s) on the prints, Experi-
ments  with  preimmune serum from rabbits
exhibited no cross-reaction (data not shown).
The most striking observation in the tissue print
analyses were changes in NAD-GDH activity
throughout the vascular tissue. specifically the
phloem. NAD-GDH activity was clearly evident
in phloem in the region of the hypocotyl hook
(Fig. 4A-D) and the mid-region of the hypocotyl
(Fig. 4E). whereas there was very little or no
GDH activity in the phloem throughout the lower
hypocotyl region (Fig. 4F) and the root (Fig.
4G.H). These results suggest that GDH3 may
play a specific role in the transport of nutrients
(l.e. carbon and nitrogen reserves) from the
cotyledons in developing soybean seedlings. In
Arabidopsis, NAD(H)-GDH activity [11] and gene
expression [10,11] have been shown to increase
when either carbon is limiting or nitrogen 1s In

excess. Since both carbon and nitrogen reserves
are transported from the cotyledons during germi-
nation, it is not possible to state which com-
pounds. if any, affect NAD(H)-GDH activity in
soybean seedlings. If either of the compounds are
involved NAD(H)-GDH activation in soybean,
then the data suggests that their influence de-
creases as the distance from the cotyledons in-
creases, Alternatively, NAD(H)-GDH activation
or expression may be regulated in a spatial or
organ-specific manner throughout the phloem.
Tissue print analysis also suggests that GDH3
may play a specific role in carbon and/or nitrogen
transport and/or absorption in the c¢pidermis of
roots.
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